Abstract. A Life-Table-Response Experiment lasting 78 d was performed to investigate the toxic effects of sediment-associated 4-n-nonylphenol (NP) on growth, reproduction, and survivorship of isolated hermaphrodites of the infaunal polychaete Capitella sp. I. Demographic effects were evaluated using both a fully age-classified and a simple twostage model to estimate population growth rates (). Decomposition analysis was performed to explore the contributions of each of the affected life-history traits to the effects observed on . Elasticity analysis was applied to examine the relative sensitivity of to changes in each of the different life-history traits under different exposure levels.
INTRODUCTION
The application of ecotoxicological tests of individual organism responses to toxicant exposure for ecological risk assessment requires that such responses be in some way predictive of effects occurring at higher levels of ecological organization. Toxicant effects on the life-history traits of individuals, such as survivorship, reproductive output, and maturation time, can be linked to population-level consequences by applying demographic models to calculate population growth rate (). The extent to which population growth rate responds to toxicant exposure depends on the severity of the toxicant's effects on the individual life-history traits as well as on the sensitivity of to changes in each of the individual traits contributing to it (Levin et al. 1996) . In the demographics literature the term ''sensitivity'' is used to describe the strength of the relationship between and the individual life-history traits contributing to it. To distinguish demographic sensitivity from toxicological sensitivity (i.e., the strength of the response of traits to toxicant exposure), we use the term ''responsiveness'' to refer to the latter. Thus a trait that is ''responsive'' has a low effect concentration (e.g., EC 50 ).
The relationship between individual-level and population-level responses to toxicant exposure can take STRESS IN ECOLOGICAL SYSTEMS three forms, the consequences of which for risk assessment vary widely: 1) is less responsive to toxicant exposure than the most toxicant-responsive life-history trait. This would be expected to occur when traits with low sensitivity (with respect to ) are the most responsive to toxicant exposure, or when diverging/compensating effects among individual traits occur, e.g., when reproductive output is reduced and survivorship is increased significantly, resulting in an insignificant effect on . In this case, using the most toxicant-responsive trait(s) as measurement endpoint(s) in toxicity tests would yield a predicted no-effect concentration (PNEC) lower than that needed to prevent effects from occurring at the population level.
2) is more responsive to toxicant exposure than the most toxicant-responsive life-history trait. This could occur when there are minor (i.e., not detectably significant) effects on more than one trait that combine to cause a significant reduction in . In this case using the most toxicant-responsive trait(s) as measurement endpoint(s) in toxicity tests could yield a PNEC that was not sufficiently low to protect against effects at the population level.
3) is as responsive to toxicant exposure as the most toxicant-responsive life-history trait. In this case using the most toxicant-responsive trait(s) as measurement endpoint(s) would yield a PNEC that was just sufficient to ensure against effects occurring at the population level.
The extent to which each of these potential relationships applies to natural populations is unknown. But if individual-level ecotoxicological endpoints are to continue to be applied to predict ecological risks, it would be helpful to identify those situations for which ecological protection criteria are likely to be under-as well as over-protective. The undesirable costs associated with under-protective criteria are largely ecological (e.g., unexpected loss of species), whereas the costs associated with over-protective criteria are largely economic (e.g., excessive management costs) (Calow and Forbes 1999) , and ideally both types of costs should be minimized.
This study was designed to: (1) investigate chronic effects on growth, fecundity, and survival in the polychaete Capitella sp. I exposed to 4-n-nonylphenol; (2) model the effects on population growth rates () of different exposure levels of 4-n-nonylphenol, and identify the life-history traits mainly responsible for the effects on ; and (3) examine the sensitivity of to changes in each of the life-history traits, and investigate whether these sensitivities varied as a function of contaminant exposure.
AlkylPhenol EthOxylates (APEO) represent the third largest group of surfactants in use worldwide (Nimrod and Benson 1996) , and NonylPhenol EthOxylates (NPEO) comprise Ͼ80% of the APEOs (Naylor 1995) .
Nonylphenol (NP) is the main degradation product of NPEO, exhibits a high isomeric variability, and is considered to be a relatively stable metabolite (Giger et al. 1981 (Giger et al. , 1984 . APEOs are highly toxic to aquatic organisms and show increasing toxicity with decreasing ethoxylate chain length (Nimrod and Benson 1996) . The toxicity of nonylphenol to a variety of aquatic organisms has been examined (McLeese et al. 1980 , 1981 , Weinberger et al. 1987 , Granmo et al. 1989 , Comber et al. 1993 , and LOEC values down to 6.7 g/L (for shrimp; Naylor 1995) have been reported. Marcomini et al. (1990) found concentrations of NP and NPEO (with one and two ethoxylate groups) ranging from 0.15-13.7 g/g dry mass in marine sediments, and Ahel et al. (1990) reported similar concentrations in river sediments (i.e., 0.51-13.1 g/g dry mass).
The deposit-feeding polychaete Capitella sp. I has been described as the most opportunistic of several sibling species comprising the genus formerly known as Capitella capitata (Grassle and Grassle 1976, Grassle 1980) . Capitella sp. I is common in areas with high organic input (Grassle and Grassle 1974, Forbes et al. 1994) where densities exceeding 200 000 individuals/ m 2 have been reported (Grassle and Grassle 1974, Sanders et al. 1980) . Areas with high organic input are often associated with relatively high concentrations of contaminants (Gray 1979 , Sanders et al. 1980 , Ward and Hutchings 1996 , and this, together with a feeding strategy that involves the consumption of large quantities of fine-grained sediment, means that Capitella sp. I populations are likely to be exposed to high concentrations of sediment-associated pollutants.
The life history of Capitella sp. I is complex and at least partly environmentally controlled. Female worms remain as functional females for their entire life-span, whereas a fraction of male worms develop into simultaneous hermaphrodites, which only rarely self-fertilize (Petraitis 1990) ). The likelihood that a male worm develops into an hermaphrodite is negatively related to the presence of mature females in the population and to overall population density (Holbrook and Grassle 1984 , Petraitis 1985 , 1988 , 1990 , and almost 100% of isolated males turn into hermaphrodites (Petratitis 1990) . This feature of Capitella's life history is likely to be of key importance to population dynamics (e.g., at low population density, under unfavorable conditions, or in the early stages of population recovery). For this reason we focus our analyses on the response of isolated hermaphrodites of Capitella sp. I exposed to 4-n-nonylphenol (NP).
MATERIALS AND METHODS

Sediment properties and spiking
Sediment for culturing worms and for use in the experiments was collected from the Isefjord (Zealand, Denmark) in October 1995, sieved (Ͻ250 m) and subsequently frozen (Ϫ20ЊC). Organic content was deter- Ecological Applications Vol. 9, No. 2 mined by loss of mass on ignition after combusting dried (24 h at 80ЊC) sediment samples at 500ЊC for 6 h. C and N content were determined using a Carlo Erba model 1106 CHN microanalyzer (Carlo Erba, Milan, Italy) following Hedges and Stern (1984) . Organic content of the sediment after sieving (mean Ϯ 1 SD) was 7.4 Ϯ 0.2%. The C and N contents were 3.85 Ϯ 0.11% and 0.41 Ϯ 0.02%, respectively. The nominal sediment concentrations selected for spiking were 0 (NP0), 20 (NP1), 100 (NP2), and 185 (NP3) g NP/g dry mass, to cover the range from environmentally realistic concentrations to those approaching acutely toxic effect concentrations for growth of Capitella sp. I determined in a pilot study (F. Hansen, unpublished data) . NP was dissolved in a minimum of acetone (ϳ1 mL). Spiking was performed by adding the 4-n-nonylphenol-acetone solution to 2 kg of wet sediment in a 4-L flask which was shaken/ rotated for 24 h in darkness. To enhance solubility and to ensure uniform mixing, all flasks were heated to 50ЊC and reshaken for 5 h. The spiked sediment was blended for 15 s before being divided into smaller portions and frozen (Ϫ20ЊC). Control sediment was treated as spiked sediment including the addition of acetone.
Concentration measurements
To measure the actual concentration of NP in treated sediments, we used a modified procedure for sediment extraction of organochlorines (Jensen et al. 1977) and measured silylated derivatives of NP on a gas-chromatograph (GC) (Hewlett-Packard, Model 5890 Series II; HP-5 MS, Crosslinked 5% Ph Me silicone column) coupled with a mass spectrometer (MS) (Hewlett-Packard, Model 5971A, Birkerød, Denmark). The amount of NP in the sediment samples was measured relative to an internal standard (4-octylphenol) added prior to extraction. Extraction procedures as described by Jensen et al. (1977) have been used for measurements of 4-nonylphenol in sewage sludge (Wahlberg et al. 1990 ), and we adjusted this protocol as follows.
Sediment samples were freeze dried, and a sample of 0.5-1.0 g of sediment was added to a glass centrifuge tube with a teflon-sealed screw cap. An amount of internal standard was added equivalent to the amount of NP expected in the sediment sample. Then 2 mL of 5.5 mol/L acetic acid was added to attain a pH-value of 1-2. This was done to avoid possible adsorption of the phenolic compounds on alkaline sites due to a relatively high concentration of calcium carbonates in the sediment (T. Lund, personal communication) . Earlier attempts without addition of acid showed unsatisfactory recovery percentages. After 30 min the glass tubes were centrifuged at 5.6 ϫ 10 3 m/s 2 for 10 min, and the supernatant was removed. Three milliliters of acetone were added, and the tubes were shaken immediately and treated with ultrasound for 10 min to disrupt coagulating particles. The centrifuge tubes were shaken thoroughly on a vortex shaking table for 30 min, and thereafter centrifuged for an additional 10 min. The supernatant was transferred with a pasteur pipette, through water-resistant cotton, to a rotation flask. The extraction procedure was repeated twice, the second time with a mixture of acetone (1 mL) and n-hexane (3 mL).
The extracts were evaporated to total dryness using a rotation evaporator. Acetonitrile (2-3 mL) and 100 L of BSA (N,O-bis-(trimethylsilyl)-acetamide) were added, and the glassware was placed at 50ЊC for 1 h to obtain silylated derivatives of 4-n-nonylphenol. This was necessary to ensure reproducible results using the column available in the GC-MS. This step can be ignored using more appropriate columns, see Sweetman (1993) .
HPLC-grade acetonitrile and n-hexane were obtained from Niels Peter Mark, Valby, Denmark. BSA (N,OBis-(trimethylsilyl)acetamide), 4-octylphenol and 4-(tertoctyl)phenol, acetone, and acetic acid (both pro-analytic) were obtained from Bie and Berntsen, Rødovre, Denmark. 4-n-nonylphenol was obtained from Lancaster Synthesis Limited, Eastgate, UK. All experimental items were cleaned in 10% nitric acid solution for a minimum of 24 h before use.
The recovery percentage of NP (mean Ϯ 1 SD) was 42.5 Ϯ 8.0%. (Reported values have been corrected for percent recovery.) The detection limit was ϳ0.1 g/g dry mass.
Experimental design and worm measurements
Worms were originally obtained from Setauket Harbor, New York, USA, in 1984, and identified as Capitella sp. I by J. P. Grassle. Laboratory stock cultures of Capitella sp. I were reared at 20ЊC in aerated aquaria containing 27‰ North Sea seawater and sediment (described above) . To maintain worm cultures, but not for NP experiments, ground fish food (Tetra Min, Tetra/ Second Nature, Blacksburg, Virginia) was added regularly as a supplementary food source.
Four brood tubes with newly released larvae were collected from laboratory cultures. Larvae from each brood were picked randomly and distributed evenly among 12 glass beakers (250 mL diameter ϭ 6.8 cm). There were three glass beakers for each of the three treatment concentrations and the control. To each beaker were added 33 larvae (i.e., 99 larvae per treatment; giving a density of 9090 worms/m 2 ). Each glass beaker was filled with filtered seawater (Ͻ0.2 m) and a thin layer of contaminated sediment (ϳ3 mm). Sediment was defrosted and blended for 10 s before addition to vials or beakers to ensure uniform NP-concentrations between replicates and to disrupt any clumps of sediment that had formed during freezing. Since larval settlement occurs within hours of release in the presence of sediment (Pechenik and Cerulli 1991) , day zero was defined as the day larvae were added to the beakers. The two-stage model with a juvenile (j) and an adult (a) stage. P j denotes survival probability from newly hatched larvae to maturity, P a denotes adult survival probability, F denotes adult per individual fecundity, and t j represents time to first reproduction. (See Materials and methods for further explanation.)
All beakers were covered with parafilm to reduce evaporation, aerated continuously, and maintained in darkness (to reduce NP degradation). No supplemental food was added to the experimental sediment. Salinity and temperature were monitored at least every 2nd or 3rd day during the experiment and were 20ЊC and 26-27 ‰, respectively. To maintain constant treatment levels during the experiment, worms were placed in new sediment and seawater approximately every week (i.e., on days 7, 14, 21, 25, 32, 39, 46, 53, 60, 66, and 72) , and samples of sediment were taken before and after transfer for analysis of 4-n-nonylphenol (NP).
Survival and worm body volume were measured the first time on day 14 and then each time worms were transferred to new sediment (approximately once every week). Body sizes were measured using a video camera mounted on a stereo microscope. Body length (L) and area (A) were estimated with the JAVA program (Jandel Incorporated, Ekrath, Germany), and body volumes (BV) were calculated assuming a cylindrical body form Forbes and Lopez 1987) . All measurements of body length and area were the means of triplicate determinations (1 SD Ͻ 10%). Until day 25 eight worms were picked randomly from each of the 12 glass beakers and their body volumes measured. After day 25, repeated measurements of the same individuals (20 per treatment) were made on each census day. On day 25 all individuals were sexed. Twenty males were picked randomly from each concentration and transferred, individually, to 20-mL vials (diameter ϭ 2.5 cm) containing 6-8 mL of sediment. Life-table parameters were obtained from these isolated males, all of which developed into hermaphrodites. The 20 vials for each concentration were placed in a 1.5-L crystallizing dish filled with filtered seawater, which was continuously aerated and covered to avoid evaporation.
As soon as ovaries appeared in an isolated male it was mated with a mature (Ͼ2 mm 3 ) male from the stock culture, and the pair was kept together for the remainder of the experiment (density ϭ 4074 worms/m 2 ). Mating males that later developed ovaries were replaced by a new mature male. Each time a brood was laid, the adult worm was gently separated from the brood tube, and the broods were preserved in 4% formaldehyde until counting. Bridges et al. (1994) found that premature removal of young did not affect per brood fecundity or brooding frequency in Capitella sp. I. Despite careful handling of the animals, a few individuals were damaged severely and were discarded. Data from these individuals were not included in the final data set. The experiment was terminated on day 78 when the number of broods produced was sufficient for determining (Levin et al. 1996) .
Demographic analysis
Demographic analysis and calculation of population growth rates were carried out using both age-classified (with 1-wk intervals) and two-stage models following Levin et al. (1996) . With the age-classified model (Fig.  1A) it is possible to determine the most important age classes influencing population growth rate. The age-classified model, however, does not include time to first reproduction as an explicit parameter. To incorporate time to first reproduction in the demographic analysis, a simple two-stage model was employed ( Fig. 1B ; Caswell 1996, Levin et al. 1996) . The parameterization of the two-stage model is partly based on the age-classified model as described below.
The equations and computation procedures used in the present study have been described thoroughly in Levin et al. (1996) and Caswell (1989a Caswell ( , b, 1996 and will only be described briefly here. All computations were performed using MACSYMA Ver. 2.1 (Arlington, Massachusetts).
The age-classified model
Life-table experiments provide data on the probability of survival from birth to age x (l x ), and the number of offspring per individual aged x per unit time (m x ). The age-classified model was constructed as a population projection matrix (Leslie 1945) . When parameterizing the population projection matrix with survivorship and fecundity terms, l x and m x have to be transformed to corresponding P i and F i values, representing the entries in the population matrix. F i represents the average per individual fecundity in age class i, and P i denotes the probability of surviving from age class i to age class i ϩ 1. Thus, P i and F i represent survival and fecundity terms for discrete age classes i, while x in m x and l x represents a continuous age variable. P i and F i were calculated using the birth-flow formula outlined in Caswell (1989a) and given by Eqs. 1 and 2 in Levin et al. (1996) .
Matrices were constructed with age intervals of 1 wk. However, data from the 78-d life table experiment were not obtained precisely every seventh day (see Experimental design and worm measurements). Therefore, prior to calculation of matrix entries, values for l x and m x corresponding to 1-wk intervals were estimated using linear interpolation between data from each census day. Furthermore, data obtained for day 66 were estimated from linear interpolation between values from day 60 and day 72, instead of using actual values from the experiment. This was done because data from day 66 were influenced by a power failure for 2 d that caused unfavorable oxygen conditions, which reduced the number of breeding individuals observed on this day in all treatments. Fecundity (F i ) was assigned to the week that larvae were released, assuming a 7-d brood development period. Brood development of female offspring at 20ЊC is 6-8 d (Levin et al. 1996) .
Population growth rates were estimated by solving the characteristic equation of each matrix for each treatment. The largest positive root () corresponds to the dominant eigenvalue of the matrix and expresses the rate at which a given population size increases over one time unit (i.e., 1 wk) at the stable age distribution. is equal to e r , where r is the intrinsic rate of increase in a population as described by the Euler-Lotka equation (Caswell 1989a) . When ϭ 1, the population is at steady state; if Ͻ 1, the population is declining; if Ͼ 1, the population is increasing.
Sensitivities of to changes in the life-history traits P i and F i were calculated as the partial derivatives of , following Levin et al. (1996: Eqs. 3 and 4) . In addition, the effect of each treatment on , measured relative to the control, was decomposed into contributions from each of the age-specific survivorship and fecundity terms following Caswell (1989b) and Levin et al. (1996: Eq. 5) . In this way it was possible to identify the life-history traits that were most responsible for the effects of NP treatment on .
The two-stage model
The two-stage model (Fig. 1b) simplifies the population dynamics to four parameters, juvenile and adult survival probability (P j and P a ), overall adult fecundity (F), and time to first reproduction (t j ). Time to first reproduction is defined as t j ϭ m Ϫ 1, where m is calculated as the first age class with a nonzero fecundity in the age-classified population matrix. P j is simply the probability of surviving to age class m and can be determined from the juvenile survival probability per unit time, 1 , as P j ϭ . Adults survive with probability tj 1 P a ϭ 2 . P a and F are calculated as weighted means of P i and F i in the reproductive age classes of the ageclassified matrix model, weighted with respect to the stable age distribution of the age-classified matrix model (Levin et al. 1996 : Eqs 8 and 9). Population growth rate () is calculated as the largest positive root of the characteristic polynomial of the life-cycle graph describing the two-stage model in Fig. 1B (for details see Caswell 1989a ). The sensitivity expressions of to changes in each of the four life-history traits 1 , 2 , F, and t j , as well as decomposition of contributions from each of the four traits to treatment effects on , were calculated as in Levin et al. (1996: Eqs. 12-16) . As for the age-classified model, sensitivities were evaluated for the two-stage model parameterized with the mean values of the parameters in the control and treatment models.
Elasticity analysis
To investigate the extent to which demographic properties changed with exposure level, sensitivity analyses were performed using the two-stage model for each treatment and the control as described above. Sensitivities represent the relative change in with respect to changes in each of the life-history traits. For instance, if each life-history trait in turn is reduced by 10%, this does not necessarily result in a 10% decrease in in each case. The effect on will vary depending on the sensitivity of to changes in each of the parameters, and these sensitivities are determined by the life history of the organism as described by F, P a , P j , and t j . However, since survivorship, fecundity, and time to first reproduction are measured on different scales, absolute values of sensitivities cannot readily be compared among different parameters. To overcome this difficulty, it is possible to calculate a measure of relative sensitivity, known as ''elasticity,'' e a :
where a denotes the life-history trait, and d/da is the sensitivity of to changes in the life-history trait, a (Caswell et al. 1984 , de Kroon et al. 1986 . Elasticity makes it possible to compare sensitivities of 1 , 2 , F, and t j on a common scale.
Statistics
Brood size and volume-specific fecundity were analyzed using ANCOVA with time as the covariate. Since slopes for brood size vs. time did not differ from zero, one-way analysis of variance was chosen to test differences among treatments. However, Levene's test showed significantly heterogeneous variances, which could not be made homogeneous by transformation. Thus, the pairwise comparisons of brood size between treatments and the control were performed using Kruskal-Wallis nonparametric tests (Siegel and Castellan 1988) . To perform pairwise comparisons on volumespecific fecundity between treatments and the control, a Dunnett's test was performed on elevations of the regression lines (Zar 1974) .
Treatment effects on t j , number of broods per individual and size at first reproduction, were analyzed using one-way ANOVA followed by Dunnett's pairwise comparisons test when ANOVA results revealed significant differences among treatments. The KruskalWallis test was used to test treatment effects on time between broods, number of eggs per reproducing individual, and number of eggs per individual (includes reproducing and nonreproducing hermaphrodites), since no transformations were found to improve the homogeneity of variances sufficiently.
Both logistic and Gompertz growth models (Kaufmann 1981) were fitted to the sigmoid-shaped body volume vs. time curves, separately for each NP treatment, with the Gompertz model giving the better fit. The equations were estimated using the NONLIN-module in SYSTAT, which provided 95% confidence intervals on each equation parameter. Non-overlapping confidence intervals were defined as significantly different.
Differences in survivorship among treatments were tested by analyzing numbers of survivors in triplicates on day 25 for each treatment, using one-way ANOVA and Dunnett's pairwise comparisons test.
To test for significant differences among population growth rates, 95% confidence intervals were estimated for the age-classified model using the bootstrap procedure recommended by Meyer et al. (1986) . Nonoverlapping confidence intervals were defined as significantly different. Mortality data from the first 25 d were obtained from triplicates, whereas data on mortality, as well as fecundity, after day 25 were obtained from 18-20 replicates. Therefore, each bootstrap estimate was based on a combination of 18-20 random subsamples from triplicates representing early mortality until day 25, and from the 18-20 replicates on fecundity and adult mortality. All bootstrap estimates of were based on 1000 subsamples drawn from the original data set. Since the distributions of bootstrap estimates were very close to normal, confidence intervals were calculated by multiplying the bootstrap standard error by the critical t value at the degrees of freedom corresponding to the sample size of the original data set, in this case the number of individuals followed from day 25. All bootstrap estimates were bias adjusted following Meyer et al. (1986) .
Unless otherwise noted, numbers in parentheses are standard deviations. For all tests, P Ͻ 0.05 was defined as significant. All statistical calculations were performed using SYSTAT (version 5.0).
RESULTS
Sediment analysis
Average concentrations of NP (mean Ϯ 1 SD) measured in the experimental sediments just after addition were NP0, Ͻ0.1 (i.e., Ͻdetection limit); NP1, 14 Ϯ 7 g/g dry mass; NP2, 52 Ϯ 3 g/g dry mass; NP3, 174 Ϯ 16 g/g dry mass. During one week of exposure, sediment concentrations in NP1 and NP2 treatments decreased by about half, equivalent to a degradation rate of ϳ10% per day. At the highest NP treatment no reduction in NP concentration was detected.
Survivorship
By day 25 nearly all individuals in the control (NP0) and the two lowest treatment concentrations (NP1 and NP2) had reached maturity (determined by the presence of ovaries or male copulatory setae) and consisted almost entirely of individuals with male characteristics. In the highest treatment concentration (NP3) no mature females were observed, and individuals without setae were very small and regarded as immature.
Juvenile survivorship was generally high (Ͼ85%), and no significant differences were observed among treatments (ANOVA: P ϭ 0.501, df ϭ 3, 8, F ϭ 0.858). No mortality was observed after day 25 except for one individual registered as dead on day 72 (in NP2).
Body volume
Gompertz equations for body volume measurements from day 14 to day 78 were characterized by three parameters: A, the asymptotic body volume; B, the rate at which body volume approached asymptotic body volume; C, a measure of the displacement of the Gom- Note: A ϭ asymptotic body volume (cubic millimeters), B ϭ the rate with which body volume approaches asymptotic body volume (per day), and C ϭ horizontal displacement of the Gompertz curve to the right (days).
† Indicates when the difference from the control is significant due to nonoverlapping confidence intervals. Table 1. pertz curve to the right along the x axis (Table 1) . Worms in NP1 reached a larger asymptotic body volume than control worms. There was no difference in asymptotic body volume between NP0 and the two highest NP concentrations. Worms in NP3 approached their asymptotic body volume more slowly and had growth curves shifted significantly to the right compared to control worms (Table 1) . While growth trajectories of NP0, NP1, and NP2 all reached an asymptote prior to the end of the experiment, this was not the case for NP3 (Fig. 2) .
Reproductive output
Effects of NP on the number of eggs per brood showed similar patterns to the growth trajectories (Fig.  3) . Treatment effects on average brood size were significant (ANCOVA, P Ͻ 0.001, df ϭ 3, 70, F ϭ 62.65), and time had no effect (P ϭ 0.09, df ϭ 1, 70, F ϭ 2.92). Brood sizes were significantly larger (P Ͻ 0.001) in the NP1 treatment compared with NP0 and significantly smaller (P Ͻ 0.001) in the NP3 treatment compared with NP0. No difference was detected between NP2 and NP0.
Both time (ANCOVA, P Ͻ 0.001, df ϭ 1, 70, F ϭ 65.7) and treatment (P Ͻ 0.001, df ϭ 3, 70, F ϭ 45.2) had highly significant effects on volume-specific fecundity (Fig. 4) . However, volume-specific fecundity of worms exposed to NP1 did not differ significantly from the control (P Ͼ 0.05), indicating that the larger brood sizes of NP1, relative to the control, were due primarily to the greater body size attained by NP1 58.1*** (Ϯ 6.8) 10.69* (Ϯ 4.9) 8.5 (Ϯ 3.7) 2.9*** (Ϯ 0.8) 557*** (Ϯ 311) 557*** (Ϯ 312) 11.4** (Ϯ 4.0) 58 11140
Note: Time to first reproduction, t j , is calculated as the time from day 0 (i.e., larval settlement) to the day when eggs were produced (the mean between the first census day when eggs were recorded and the previous census day); t a represents time between reproductive events both including and excluding day 66. Calculation of t a is based on time between two reproductive events. Data are presented as means (Ϯ1 SD).
* P Ͻ 0.05, ** P Ͻ 0.01, *** P Ͻ 0.001. † Includes all individuals. ‡ Only includes individuals that bred at least once during the experiment.
worms. Volume-specific fecundity for NP3 worms (but not NP2 worms) was significantly lower than that of control worms (P Ͻ 0.01).
The body volume of worms at the time of first reproduction was significantly reduced in NP3 (P ϭ 0.004, df ϭ 3, 71, F ϭ 7.8) relative to the control. No significant differences were observed between NP0, NP1, and NP2. Time to first reproduction (Table 2) was almost identical for NP0, NP1, and NP2, whereas the NP3 worms were delayed by 9-10 d relative to NP0 (P Ͻ 0.001, df ϭ 3, 71, F ϭ 15.7). Time between broods (t a ) was 48% longer in the NP3 treatment compared to the control (0.01 Ͻ P Ͻ 0.05, Kruskal-Wallis ϭ 6.78).
Population growth rates
The population growth rates calculated by the ageclassified model (Fig. 5) are bias-adjusted bootstrap estimates Ϯ their 95% confidence limits. Although the population growth rates estimated by the two-stage model were not bias adjusted, the two models yielded nearly identical results.
The positive response observed both in brood size and asymptotic body volume at the lowest NP treatment resulted in a 6% increase in , which was not significantly different from estimated for control worms. The joint effect of changes in fecundity, time to first reproduction, and breeding frequency in the highest NP treatment, however, resulted in a significant 24% decrease in relative to the control. FIG. 6 . Decomposition analysis for the ageclassified model. The contribution of F and P values for each age class (of 1 wk duration) to the differences in between the control treatment and each of the three 4-n-nonylphenol treatments, are shown: A ϭ NP1, B ϭ NP2, and C ϭ NP3.
Decomposition analysis
Decomposition analysis of the age-classified model (Fig. 6A-C) showed that effects on fecundity during the first 4 wk of reproduction (weeks 5-9 of the experiment) accounted for nearly all differences observed between the control treatment and both NP1 and NP3. After 9 wk of age, fecundity contributions were very small for all treatments. The age-classified survivorship terms only provided very small contributions to effects on in all treatments.
Decomposition of the two-stage model (Fig. 7A-C ) indicated that the effect of NP on time to first reproduction was a major cause of changes in population growth rate. Although time to first reproduction increased by only ϳ20% in the NP3-treatment relative to NP0, it was responsible for more than half (55%) of the effect on . In contrast, per individual fecundity decreased by 75%, but only explained 44% of the effect on .
Elasticity analysis
Elasticity analysis performed on the two-stage model (Fig. 8) showed that population growth rate obtained from isolated hermaphrodites was several times more sensitive to changes in juvenile survival probability ( 1 ) than to changes in fecundity (F). Adult survival probability ( 2 ) was even less important, with elasticity levels below those of fecundity. appeared to be just as sensitive to changes in time to first reproduction (t j ) as to changes in juvenile survival ( T ). The elasticity analysis explains the relatively high contribution of t j in NP3 to effects on .
There was little if any difference in elasticity patterns among NP0, NP1, and NP2 (Fig. 8) . However, there was a clear decrease in the relative sensitivity of to changes in t j in the NP3 treatment, and the elasticity of F was slightly reduced as well. Thus, became less sensitive to changes in F and t j , but not 1 and 2 , with increasing NP exposure.
DISCUSSION
Life-history traits of isolated hermaphrodites
Most of the life-table data obtained from isolated hermaphrodites in the control treatment in the present study are very similar to data reported from earlier STRESS IN ECOLOGICAL SYSTEMS FIG. 7 . Decomposition analysis for the two-stage model. The contribution of per-individual fecundity (F ), juvenile and adult survival probability per unit time ( 1 and 2 ), and time to first reproduction (t j ) to differences in between the control treatment and each of the three 4-n-nonylphenol treatments: A ϭ NP1, B ϭ NP2, and C ϭ NP3.
FIG. 8. Elasticities of per-individual fecundity (F)
, juvenile and adult survival probability per unit time ( 1 and 2 ), and time to first reproduction (t j ) plotted against 4-nnonylphenol concentration: 1 ϭ filled squares, 2 ϭ empty squares, F ϭ circles, t j ϭ triangles. studies of Capitella sp. I (Eckelbarger et al. 1984 , Tenore and Chesney 1985 , Forbes and Lopez 1990 , Bridges et al. 1994 , suggesting that experimental conditions were favorable and that maintaining the experimental treatments in darkness had no measurable effects on the measured life-history traits.
Earlier work has shown considerable agreement in some of the life-history traits between hermaphrodites and females. Brood size, offspring survivorship, and number of eggs aborted per brood did not appear to differ between hermaphrodites and females (Petraitis 1990 ). Breeding frequencies, however, were much lower among hermaphrodites reared in cultured cohorts (0.09-0.31 per day) compared with females (Petraitis 1988) . Whether breeding frequency is density dependent is unreported, but our results show, on the contrary, that breeding frequencies obtained from isolated hermaphrodites are very similar to those reported for females at 20ЊC (once per 5-7 d) (Eckelbarger et al. 1984) . Time to first reproduction might be slightly longer for hermaphrodites than the 30-40 d (20ЊC) reported for females (Grassle and Grassle 1976) . This is supported by the fact that most of the morphological females identified on day 25 had oocytes visible in the coelom, whereas only a very small proportion of individuals with male characteristics showed the same properties. It is possible, however, that the presence of mature females on day 25 inhibited hermaphrodite development in males in the two lowest NP treatments and the control when most individuals had reached maturity.
Effects of 4-n-nonylphenol
The lowest tested concentration at which negative effects on Capitella sp. I were observed (i.e., the LOEC) in the present study was 174 g/g dry mass giving a NOEC value of 52 g/g dry mass. In comparison, the maximum acceptable toxicant concentration of nonylphenol reported for Chironomus tentans is 26.1 g/g (Naylor 1995) . The NOEC value in the present study is within a factor of 5 of the concentration range of nonylphenol reported in freshwater sediments (i.e., 0.24-13.1 g/g, Ahel et al. 1990 ) and estuarine sediments (i.e., 0.15-13.7 g/g, Marcomini et al. 1990 ). Dividing our NOEC by a factor as small as 10 (which is probably lower than would be applied if this NOEC were to be used to calculate a predicted noeffect concentration (PNEC, Van Leeuwen and Her-mens 1995) ) gives a value about half that of the highest measured environmental concentrations and suggests that this substance may pose a risk to aquatic systems.
In addition to the negative effects of NP detected at the highest test concentration, we observed stimulatory effects of this substance at the lowest test concentration. Stimulation at low toxicant concentrations, known as hormesis, has received increasing interest during the last two decades (e.g. Stebbing 1982 , Sagan 1987 , Calabrese and Baldwin 1993 , Van Ewijk and Hoekstra 1993 , Calabrese 1996 . Chemically induced hormesis has been reported for a wide range of organisms including insects, worms, crabs, clams, oysters, fish, and various mammals, exposed to a large variety of agents (Stebbing 1982 , Calabrese 1996 . Positive effects on growth patterns are by far the most commonly reported type of hormesis, and since it has been observed for a variety of taxa and chemical agents, growth stimulation has been proposed as a general consequence of an overreaction of biosynthetic control systems (Stebbing 1987) . Although determining effect concentrations for risk assessment generally considers only negative effects, positive effects on some species and not on others may affect community structure and should not be ignored. Bridges et al. (1994) investigated the effects of different types of sediment organic content on survival, reproduction, and growth of Capitella sp. I. They found that worms started to reproduce before they reached asymptotic size for those treatments that permitted the largest body sizes and fastest growth rates. Treatments in which worms grew at the lowest rate and attained the smallest body size started to reproduce only after reaching the asymptotic body size. Our results show the opposite pattern. Worms started to reproduce before reaching asymptotic size in the highest NP treatment, whereas worms in NP0, NP1, and NP2 started to reproduce at about the time they reached asymptotic size. This could indicate that apart from reducing growth and reproduction, NP advances time to first reproduction, such that reproduction occurs at a smaller worm size than would have been expected otherwise.
Demographic analysis
The question as to whether population growth rate is more or less responsive to toxic stress than the most toxicant-responsive life-history trait is of great interest for predicting how results from toxicity tests of individual organism performance are related to effects at the population level. The significant stimulatory effect on brood size in the NP1 treatment did not affect population growth rate significantly, since was insensitive to changes in fecundity. Thus, significant effects of NP on reproduction of individual Capitella sp. I were attenuated at the population level. With regard to negative effects, these occurred at the same test concentration for as for time to maturity, time between broods, and fecundity. Therefore our results suggest that is equally responsive (or less responsive if positive effects are included) than the individual life-history traits contributing to it. Daniels and Allan (1981) found that population growth rates of Daphnia pulex exposed to copper were less responsive than juvenile survival, which was affected at a lower copper concentration. However, they questioned this conclusion, presumably because their study did not include any statistical evaluation of differences in population growth rates between treatments. Day and Kaushik (1987) showed that the intrinsic rate of increase (r) of Daphnia galeata mendotae exposed to the insecticide fenvalerate was less responsive than number of offspring, which was affected at a lower dose. Likewise, Meyer et al. (1987) investigated Daphnia pulex's response to toxic levels of copper and cadmium, and found that population growth rate was not more responsive than any of the individual life-cycle parameters. Koivisto and Ketola (1995) reported similar results for Daphnia pulex exposed to copper in which significant effects on maturation time did not affect the population growth rate significantly. Another study by Pesch (1991) examined the effects of contaminated harbor sediment on the polychaete Neanthes arenaceodentata. Although significant effects on number of larvae per brood were observed, population growth rates were the same in all treatments. Bridges et al. (1994) investigated the effects of sediment amended with hydrocarbons on Capitella sp. I and showed significant differences in time to first reproduction. The demographic analysis of these data presented in Levin et al. (1996) , however, showed no effect on population growth rate.
Overall, despite the limited number of investigations in which statistical comparisons were made, these studies suggest that, in terms of effect levels, population growth rate may be generally less responsive to toxicant stress than are the individual life-history traits contributing to it. However, it is essential to recognize that although effects on may first become detectable at concentrations equal to or exceeding those causing effects on individual-level traits, a small percentage change in some traits may result in a much larger percentage change in . The elasticity analysis provides some information on how population growth rate will respond to changes in each of the individual life-history traits contributing to it, assuming that the traits are affected equally. Since effects are seldom equally distributed among traits, it is useful to apply decomposition analysis to determine how much the effects of a specific treatment on each life-history trait contribute to the changes observed in . For example, despite the high elasticity values for juvenile survival probability ( 1 ), the variation in 1 among treatments was not significant and did not contribute notably to the changes observed in .
The importance of time to first reproduction for population growth rate has been emphasized by a number of demographic analyses (Caswell and Hastings 1980 , Ebert 1985 , Kammenga et al. 1996 , Levin et al. 1996 . Kammenga et al. (1996) showed that small changes in time to first reproduction (t j ) in the nematode Plectus acuminatus exposed to cadmium had a large influence on population growth rate, even though t j was not very responsive to cadmium. Levin et al. (1996) found that reduced age at maturity was the primary cause of Capitella sp. I's explosive response to sediment organic enrichment. The results of our two-stage model are similar in that a relatively small effect on t j in the NP3 treatment resulted in the largest effect on , consistent with the high elasticity values for t j .
The elasticity analysis indicated that was just as sensitive to changes in juvenile mortality as to changes in time to first reproduction, suggesting that recruitment failure (due to, e.g., competition or predation) would have a large impact on population growth rate. This may explain why opportunists such as Capitella sp. I do not dominate undisturbed and well-established communities as has been reported by several authors (Grassle and Grassle 1974, Gray 1979) . On the other hand, was much less sensitive to changes in per individual fecundity. This explains why no significant, positive effects were observed on in the NP1 treatment despite significant stimulatory effects on both brood size and asymptotic body volume. This implies that even considerable effects on fecundity will not have a major effect on population growth rate in Capitella sp. I as long as food availability is high, as in the present experiment.
The elasticity patterns varied to some degree in response to NP exposure. When F and t j were affected negatively as a result of exposure to NP, the elasticity of to changes in time to first reproduction (t j ) was markedly reduced and that to changes in F slightly reduced. Thus, with increasing negative effects on F and t j , became less sensitive to changes in F and especially t j , relative to adult and juvenile survival. Negative effects on fecundity terms, furthermore, increased the relative importance of adult survival. These results indicate that the relative impact on decreased with increasing NP-exposure, e.g., the same effect on t j in each of the NP-treatments and the control, had a decreasing impact on population growth rate with increasing NP exposure.
Most life-table response experiments, including the present study, are conducted under conditions in which density-dependent influences are minimal (i.e., population growth rates are positive). In nature, it is more likely that populations are at or near steady state, and density-dependent influences are likely to be of key importance for population dynamics (Calow et al. 1997 , Sibly 1999 . Furthermore, the consequences of toxicant impacts on will vary depending on the starting value of , with ϭ 1 (i.e., the steady-state condition) being a critical threshold (Calow et al. 1997) .
In conclusion, analysis of the effects of toxicant exposure on life-history traits via the application of demographic models can provide a powerful approach for determining the mechanistic basis of pollutant effects on population dynamics. Calculation of confidence limits and statistical tests of demographic parameters can greatly strengthen the interpretation of results from demographic models. The importance of density dependence and the initial state of population growth rate for determining population-level impacts of toxicants are key areas in need of study.
